A new method for assessing both current and historical occupational exposures to magnetic fields has been developed and used in health studies involving a cohort of electricity generation and transmission workers in England and Wales. The exposure values are derived by calculation from engineering and operational data about the power stations rather than from measurements. They are provided for each of 11 job categories for each year of operation of each power station represented in the cohort. The engineering data are used to determine the average magnetic fields in specified areas of work within the power station and then applied to information about the time spent in these areas by each of the job categories. The operational data are used to adjust the exposures for each year according to the power station output for the year. Earlier methods used measurements or the advice of panels of experts to provide exposure scores for a number of job categories across all power stations and years. Such methods were not able to distinguish exposures from different power facilities or during the different years of their operation. Measurement surveys at 10 power stations of the magnetic fields in the work areas gave confidence that the calculations were realistic. Exposure measurements on 215 workers at three power stations were compared in job groups with the exposures predicted by the method. The Pearson correlation coefficient was 0.86 and the slope and intercept of the line of best fit were 0.87 and 0.07 µT respectively. The method gives a good prediction of measured exposure and is being used for studies of occupational exposure to magnetic fields and leukaemia, and of cardiovascular disease, and a reanalysis of brain cancer.
Introduction
The incidence of brain cancer in relation to magnetic-field exposure was examined by Harrington et al (1997) using a cohort of electricity-industry generation and transmission workers in England and Wales who worked for the Central Electricity Generating Board (CEGB) during the 1970s. The exposure assessment for this study used a job-exposure matrix of exposures for 11 different job groupings. The exposure values used were obtained from a survey of the occupational exposures of 258 electricity supply industry workers during 1989 -93 (Merchant et al 1994 . The magnetic field of each participant was recorded each minute of a full working week. One hundred and fifty-one of these had occupations relevant to the cohort being studied and contributed a total 675 person-worker shifts. The number of locations represented in the cohort was very much larger than the number of locations for which measurements were available, or even possible, since many of the power station and other sites had been closed. Even at the sites that remained open, historical measurements of exposure do not exist. There were large variations of measured exposure within the job groupings, leading to unavoidable overlap between the groups. These deficiencies were typical of exposure-assessment methods, based on the use of a job-exposure matrix, which were used in occupational epidemiological studies of the time. Other methods based on electrical occupations or the judgements of expert panels were even more problematical. Furthermore, the absence of an established interaction between magnetic fields and humans has made it difficult to develop a definitive metric for assessing exposure.
It is possible to overcome many of the shortcomings of occupational exposure assessment within the power industry by making use of engineering design and operational data for each power facility to calculate exposure estimates tailored to each power station within the cohort, for each year of operation of those power stations and each category of job within that power plant. This new method for assessing occupational exposure to magnetic fields of workers in the generation and transmission industry is presented here. It has been designed to be used with epidemiology studies of associations between disease and the time-average of magnetic field encountered by a worker while at work. The method provides a threedimensional job/year/facility-exposure matrix using exposures calculated from the engineering and operational data and so exposures can be provided for all jobs, for all years and for all sites represented in the cohort on the same basis. Exposure measurements, which are only possible for a selection of jobs, a selection of years and at a selection of sites, are used to demonstrate the validity of the calculated exposures.
The method for calculating the exposure depends on being able to identify the main sources of power-frequency magnetic field that are encountered by people who work in the generation and transmission parts of the electricity industry, and on calculating the magnetic field arising from them in the places where they work, taking appropriate account of their activity patterns and the operational history of the power station. The main sources of magnetic field are the large electric currents that flow in the electrical plant associated with the generation and transmission of electricity. These occur primarily in power stations, but also at substations, and near to overhead transmission lines and underground cables.
The method has advantages over others that have been used before. It deals with the exposures that result from where the person works in relation to their sources as well as on what his or her job is and it is able to quantify the historical variations of the exposure and the differences in exposure between different facilities. Using site layout and other drawings, together with historical information about the operation of the site, it is possible to determine different exposure values for each job group at each facility, including those that are now closed. Thus, for example, the exposure of administration workers will be higher at some power stations and lower at others depending on how close the administration block is to the main source(s) of exposure.
The new method has been applied for use in further epidemiology studies of the cohort of electricity-industry generation and transmission workers in England and Wales; in a study of leukaemia and occupational exposure to magnetic fields (Harrington et al 2001) , a reanalysis of the brain cancer study (Sorahan et al 2001) and for a study (Sorahan and Nichols 2003) of cardiovascular disease and magnetic field exposure.
The following sections of this paper deal with the application to power stations and to transmission workers and give details about its implementation for the UK cohort studies. Measurements are presented giving a validation assessment of the method. A full statement of the application of the method to the UK cohort studies is given by Renew (2001) .
The method
The exposure-assessment method presented here ('the method') is designed to meet a number of requirements. It is designed to estimate the time-weighted average of root-mean-square powerfrequency magnetic field, averaged over working hours. No allowance is made for exposures occurring outside the general working environment. Historical exposures are assessed by making use of annual power station output data. The method provides a means for assessing the average field during each job in the career of each employee from the cohort. These could be combined in a variety of ways as required for the epidemiological study to obtain, for example, cumulative or average exposures during different predetermined periods.
The method makes the assumption that, if there is a relationship between exposure to magnetic fields and disease, then it is the time-weighted average of the root-mean-square power-frequency magnetic field that gives the best description of the exposure that causes the disease. Having made this assumption it is the task of the method to obtain the most accurate measure of this exposure. The choice of time-weighted average field, or its cumulative value over specified period of time, has been made most often in previous studies as the measure for investigation. However, other exposure-disease models have been suggested, namely the time average of the square of the magnetic field, or the duration of time spent above a given field level, or the exposure to induced current density within the body which is proportional to the level of the field and to its frequency. Fast transients such as those occurring intermittently in the vicinity of switching currents may introduce relatively high rate of change of field, if only for a brief period. The argument in favour of time-weighted average exposure is that it is expected that, on the whole, the other more complex metrics are likely to be associated with the simpler and more easily assessed metric of time-weighted average. The present work stays with time-weighted average magnetic field, providing us with a systematic way of assessing exposures to this quantity.
Having chosen the exposure-disease model, the rationale of the method is first to identify the sources of magnetic field which make the most significant contribution to the exposure of interest. The exposure is calculated from our knowledge about the space and time distribution of the magnetic fields from the sources and about the activity of the people working in the vicinity of the sources. The questions to be resolved are, therefore, what are the sources and their distribution in space and time, where in relation to those sources are the places where people work, and how much of their time do people spend in those places? There is no single answer to these questions. It will vary from person to person, from establishment to establishment and from year to year. If it is possible to capture these variations in a coherent way that can be simply related to data that are available then we have a framework for establishing the required exposure-assessment method.
In the CEGB, at the time the cohort was established, the majority (59%) of the workforce worked at power stations, so the main emphasis has been on applying the method to power stations. The main sources in power stations are those that carry large currents in conductors or busbars that are separated from each other. These are the generator main connections and the power lines entering the power station. Application of the method to power stations is described in section 2.1.
Another 6.5% of the CEGB workforce worked on the transmission system so the method was also applied to transmission staff. At transmission substations the main sources of magnetic field are the currents that flow in the busbars around the substation and the power lines entering, or passing nearby, the substation. Application of the method to transmission sites is described in section 2.2.
The remaining 34% of the workforce were employed at non-operational sites such as headquarters office buildings. As there are no items of large electrical plant associated with the generation or transmission of electricity, exposures will be comparable with those that are experienced by office workers generally. Exposures at non-operational sites are simply categorised as 'background' without attributing a value.
Power stations
The description of the application of the method to power stations follows the pattern introduced above, of identifying the sources, understanding their distribution in space and time, and defining the areas where people work and the average field in those areas, and the time spent in the areas.
Sources.
There are many different sources of magnetic fields at power stations. The most important are those where the large electric currents generated by the power station flow in systems of separated conductors. The currents are produced in the generator, flow along the generator main connections to the generator transformer and on to the switchyard for feeding into the transmission system. At the generator transformer the voltage rises by a factor of 10 or 20 and the current falls by the same factor, making it a weaker source of magnetic field. The current is carried from the generator transformer to the switchyard by separated overhead conductors or by underground cables.
The currents flowing in the generator main connections are therefore the most important source of magnetic field in a power station. They are capable of raising the magnetic field levels over relatively large proportions of the power station and therefore of affecting many of the staff for a substantial part of their working day. In some power stations the current flow in the circuit between the generator transformer and the switchyard is also important where it passes near places where people work. There are many more localised sources of field distributed around the power station that will expose individual workers to some extent. However, this will be for only fractions of their working time and will therefore have a relatively small effect on their total exposures.
The generator main connections usually comprise three solid, current-carrying, conducting bars (busbars) approximately a metre apart. Their design has developed over the years. From about 1968, isolated phase busbar (IPB) systems were introduced for new construction for generators of 500 MW or more to reduce the magnetic fields and the consequent eddy current heating in nearby metalwork. For these, the three busbars are each enclosed by cylindrical conducting sheaths that are bonded together at their ends so induced currents can flow to produce magnetic fields that nearly cancel the magnetic field from the currents in the busbars themselves. The field is thereby reduced by the IPB to 10% or less of what it would be without the IPB. At the oldest power stations, where the currents were smaller, the generator main connections were cables in compact trefoil bundles rather than separated busbars. These gave much lower magnetic fields than the installations with busbars because the individual phases were close together, giving good overall cancellation of the fields, and because the currents were lower.
The exposure-assessment method for power stations involves the collection for each power station of the data needed to calculate the magnetic fields from the generator main connections in each of the main areas where people work.
Space and time variation of field from sources.
Knowledge of the magnetic field throughout the power station from the generator main connections is central to the exposureassessment method of this paper. The field that arises from the main connections can be described in general terms as detailed below.
A horizontal generator main connection is essentially three horizontal conductors arranged in horizontal flat formation. This is a vertical magnetic dipole field source, extended over the area of the connection. An equation for the magnitude of the magnetic field B g at a point resulting from the current in the generator main connection can be expressed simply as the product of three terms:
where S g is the source strength for the generator, L g is the load factor of the generator and P g is the position factor for the generator. These factors are each described in more detail in the following paragraphs. The source strength S g relates to how strong a source of magnetic fields the main generator connection is when operating at its rated current. It is given by
where I r is the rated current of the generator in kiloamperes, d is the length of the generator main connection in metres, s is the separation between adjacent conductors of the generator main connection (usually a horizontal array) in metres and k is the screening factor of the busbars (1 for no screening, and for example 0.1 for IPB). The load factor L g relates the magnetic fields for rated load current to the field for the actual load current and is defined as the load current, averaged over a year from April to March, divided by the rated current. The current is related to the power produced by the generator and to its voltage. The power 'sent out' each year is published annually and the voltage is known.
The current that flows along the generator main connections is greater than that calculated from the power sent out for two reasons. Firstly, a fraction of the power generated by a generator is not sent out of the power station but is used within the power station. Secondly, the current depends not only on the (real) power, but also on the reactive power which supplies the energy stored in the capacitances and inductances of the electricity system. These two factors result in a small increase in the current in the main generator connections over that calculated from the sent out power alone. The reactive power is adjusted from time to time as operational circumstances require, but suitable records of the reactive power were not available. Both effects are relatively small and a uniform 10% adjustment was adopted for them.
The position term P g describes how the field at a particular position depends on its coordinates relative to the source.
Where detailed drawings of the generator main connections and of the layout of the power station are available, the position term can be computed exactly. Where drawings are not available a more approximate method is required using the equation of the fields from a localised magnetic dipole, for which the position term is
where R is the distance (in metres) between the measurement point and the source and θ is the angle between the line joining them and a vertical line from the centre of the source. The difference between this equation and the actual situation is that it describes the field variation from a localised magnetic dipole whereas it is really a distributed dipole. It therefore gives a good prediction of the field at distances from the source that are greater than the extent of the source, but close to the source the field varies more slowly with distance and the prediction is not as good.
There are usually several generators in any power station so it is not sufficient to consider only one generator. Appendix A describes the extended approach used for multiple generator main connections in a power station.
Working positions relative to sources-areas.
Most, but not all, power station workers move around the different areas of the power station in the course of their work. This pattern of movement is different for each of the different categories of staff. Each person has a base location which is returned to for routine tasks while the remainder of the time is spent elsewhere around the plant. The main base locations are the control room, workshop, stores, and administration building(s).
The other areas where people work depend on the type of power station. All power stations have a turbine hall where the turbine, the generator and the generator main connections are located. Conventional power stations (burning fossil fuel) have a boiler house and materials handling areas where coal and ash or oil are managed. Nuclear stations have a reactor building. The pumped storage stations (where water is pumped to a high-level reservoir at times of low power demand and released to produce electrical power at times of high demand) have valves controlling the water flow and halls for the generator/motor sets and transformers. The latter two plant items have busbars connecting them.
In applying the method to the UK cohort it was assumed that the stores are adjacent to the workshop, which was true for many power stations, and therefore that the average field in the stores was assumed to be the same as that calculated for the workshop. Even where this is not the case this was considered to be an adequate assumption as these two areas were likely to be at similar distances from the generators. In the same way the laboratories were assumed to have the same exposure as the workshops, and the canteen was assumed to have the same exposure as the administration building. Future applications of the method may be able to avoid making such assumptions.
Average fields in areas.
A computer program was adapted to calculate the magnetic field over a regular grid of coordinates over each area for a height of 1 m above floor level, and find the average. For the boiler house and turbine hall the average fields were obtained for subdivisions of the areas and then combined with weightings to represent the different durations of time generally spent in the separate subdivisions. For the turbine hall the subdivisions and weightings used were: turbine level (busbar side of generators) (15%), turbine level (nonbusbar side of generators) (35%) and basement level (50%). For the boiler house these were: basement level (40%), remaining higher levels (60%). In other areas calculations are for the ground floor only. Workshops and stores 0 0 10 n/a 100 5 n/a n/a 5 10 10 Administration buildings 75 100 5 n/a 0 70 n/a n/a 0 0 50 Turbine hall 10 0 70 n/a 0 10 n/a n/a 0 20 5 Other areas 0 0 15 n/a 0 15 n/a n/a 0 15 5
All power stations

Time spent in areas.
Analysis of the job histories of all of the UK power-station workers produced an impressive list of many hundreds of job titles. Many were slightly differing ways of describing the same job. It was necessary to simplify this list, reducing it to a small number of categories relevant to the method. In making the choice it is not so much what people are doing in their job, but where within the power station they are doing it and the relative time spent in different areas. The job categories chosen for use in the method are defined in figure 1. The six main categories make considerable use of the classes of employment used within the CEGB at the time, which are named after the negotiating body representing them. Thus, NJM refers to managerial staff, NJB refers to engineering and scientific staff, NJC refers to clerical and administrative staff and NJIC refers to industrial staff. Corresponding categories would apply in other countries. Three of the six main categories are further subdivided according to the area of responsibility of the staff concerned. The intention was that all employees should be covered by one category or another; however, there were a few special cases that did not fit within the scheme so these were gathered together within the sixth main category, 'other staff'. The method assumes that workers in each job category spend their time in the different areas in the proportions, expressed as percentages, given in table 1. The figures used initially were educated guesses, but these were refined through reference to activity information obtained during the recent surveys at three power stations described in section 5 below. They therefore represent present-day values for a relatively small sample of people for a relatively short period of their employment. Although working practices have changed over the years, it is considered that these changes will have had little effect in relation to the broad job categories being used for the method.
Transmission sites
Staff based at transmission sites are involved with the day-to-day maintenance of the transmission plant comprising the overhead lines, underground cables and substations. 3 NJIC -industrial staff (excluding control room and administration staff) 3a NJIC -main plant. These are based at the workshops. They will spend most of their time in the turbine hall and boiler house (conventional) or reactor building (nuclear), and will also visit the administrative building.
3b NJIC -materials handling. These are based away from the main plant, in the coal and ash handling area (conventional), or fuel handling areas (nuclear), but also visit the workshops and the administration building. 4b NJB -materials handling. These are also based in the administrative building and spend most of their time there. They will visit the workshop and also the coal and ash handling area (conventional), or fuel handling areas (nuclear).
4c NJB -laboratory. Includes chemists and laboratory technicians, based in their laboratories which are considered to be in the general vicinity of the workshop, but spend some time in the administrative building.
Control room staff (NJB and NJIC) 5a
Control room -fixed. Those who spend all of their time in the control room (plant operators or unit operators).
5b
Control room -mobile. Those who are based in the control room but often make visits to different parts of the main plant (assistant plant operators or assistant unit operators).
6
Other staff. Staff who work at power stations but do not fit into the above categories. Examples are NJ(B&CE) who are building and construction workers, station guides, security staff, cleaners (other than office cleaners), groundsmen and drivers who work at the power station. In principle it would be possible to model the busbar layout of every substation on the system and calculate the magnetic fields from them assuming operation at rated loading, and apply load factors and information about patterns of working, just as for power stations. Several factors combined to make it unrealistic to attempt to do this for substations in the UK. First, unlike power station staff, substation staff usually have responsibility for, and work at, several different substations sites where the magnetic field climates may be different. While historical personnel records indicate where the staff were based they do not detail the other substations they worked at or the proportion of time spent there. Second, UK transmission substations are connected as a grid and the patterns of connections and current flows are more complex than within a power station and it was less clear that computed fields would be adequately representative. However, it was possible to develop a simplified approach based on parts of the method. This involved identifying a relatively small number of different types of working area and the percentage of time spent in them, identifying the main sources of magnetic field at these places of work and characterising the magnetic field around them. This characterisation takes account of how the sources vary from place to place at the work place and how they differ from one facility to another, but is based on measurements rather than calculations. The application of this simplified approach is described in more detail in section 3.2.
Implementation in England and Wales
Power stations
The method was applied for all of the power stations referred to in the personnel records of members of the CEGB cohort. These are the just over 200 power stations that were open at some time between 1972 and 1993. Where possible, drawings were obtained of the site layout (showing the positions of the turbine hall, boiler house, reactor building, control room, administration building and workshop), and of the turbine hall (showing the position of the generators, the generator transformers and the route of the generator main connections). This was possible for almost all of the existing power stations operating generators of 100 MW or more, and for some of those that had closed more recently.
Drawings were therefore used for 49 of the largest power stations having generators with busbars (9 that had 660 MW generators,14 that had 500 MW generators and 25 of the remaining 30 power stations that had generators of 100 MW or more but less than 500 MW). The other five of these and a further 96 smaller power stations still using busbars were mostly closed longer ago so that drawings were not available. Different approaches were used at the power stations where the drawings were available and where they were not available. The remaining 56 power stations had cables for the generator main connections, and therefore exposures arising from them were small and were considered to be background in the same way as for non-operational sites.
Gas turbine generators, which are installed at some of the larger power stations and elsewhere, are operated intermittently and for brief periods of time to provide power for periods of peak demand for electricity or for quick short-term response to large changes of demand. The average magnetic field exposures from these are therefore small and they were not taken into account.
The collection of power station data was a large task involving many people, principally within the companies that operate the power stations, and a retired CEGB power-station design engineer provided invaluable assistance. Other information was obtained through the manufacturers of generator main connections, from archived copies of the CEGB's National Data Catalogue, from the books on Modern Power Station Practice (1971, 1992) and from the annual editions of the Electricity Supply Handbook . Table 2 shows a sample from the data collected for five of the power stations, as an illustration of the data collected for all power stations described below. The data included in table 2 should not be regarded as typical or representative of the power stations as a whole. They do, however, demonstrate that there are significant differences between power stations.
The ratings of every generator represented in the cohort were gathered. The separation and length of the generator main connections were obtained from drawings. The variability of the separation is not a critical factor and where drawings were not available typical values were used. The lengths were fitted to a simple linear function of the generator rating and this function was used to predict the length for cases where drawings were not available. The screening factor was set according to the presence or absence of IPB. Measurements were made to confirm the screening effectiveness of the IPB by comparing the net current in the busbar and sheath at three power stations, measured with a long Rogowski coil, with the current in the busbar itself measured by the power station meters. The load factor for the power station was calculated using the method described previously from the number of units of electricity sent out by each power station, measured in gigawatt hours (GWh). This was published annually in the electricity supply handbook for each year until 1986/7 and was obtained directly from the power companies for the remaining years.
To obtain the position factors, the magnetic field in each area was computed exactly using the computer program EM2D which is used extensively within the National Grid for computing magnetic fields from two-or three-dimensional representations of overhead lines and cables. The current in each conductor is represented as a set of current elements and the components of magnetic fields are calculated from each element using the Biot-Savart equation and then summed. For this computation the detailed layout of the busbars for all of the generators was determined from the drawings and entered into the program. The program had been adapted to simplify the entry and storage of these data, and to perform the calculations of the average field over specified areas. Where required, the connections between the generator transformer and switchyard and any power lines were also modelled. For those power stations where drawings were not available the position factor needed to be derived more approximately by extrapolation. An expression was developed to describe the position term as a function of the area of the turbine hall. The method used is described in appendix B.
While the generator main connections and overhead lines are the main sources of magnetic field at a power station they are not the only sources. There will inevitably be some exposure from the multitude of items of electrical equipment around the plant and offices. In areas where the fields from the main sources are large these other fields are overwhelmed by the main sources and become inconsequential. They become relevant only where the field from the main source is very small. An allowance has been made for this by specifying a minimum average background exposure for everyone of 0.1 µT. Thus the total magnetic field exposure prediction of a person working in a power station cannot fall below 0.1 µT.
Results obtained by the method for the power stations with busbar generator main connections are now summarised. The computed magnetic fields in each of the different areas for the 49 power stations are summarised in table 3 for operation at full power (unity load factor). The additional 0.1 µT to allow for smaller localised sources of field have not been included here, but would have the effect of increasing the lowest values to 0.1 µT and thereby reducing the spread. The geometric standard deviation and minimum and maximum of these indicate the variation between the values calculated for the different power stations. Information is given both including and excluding overhead lines. As can be seen the inclusion of overhead lines has little effect on the averages but does affect the maximum values. The average annual load factor at all of the power stations was 0.42. This is the average of the individual values for the 3410 power station years represented in the cohort where the load factor was more than 0.1 so as to exclude the years at the start and end of a power station's life when it was being commissioned and decommissioned. The average of the annual load factor for the power stations where drawings were used was 0.45 (1039 power station years) and for the others it was 0.41 (2371 power Summaries of exposure values for each job at each power station, assuming unity load factor, are given in table 4. These need to be multiplied by the load factor for the year to obtain the exposure values for the year. Thus it can be seen that there is considerable variation between the highest and the lowest exposures within a particular job category. Indeed there is more variation between power stations than between jobs within the same power station.
Transmission sites
There are currently 248 substations at 275 and 400 kV in England and Wales. The main sources of magnetic fields at substations are the busbars which are located inside a highvoltage (HV) compound, and the overhead power lines entering and leaving the substation. Inside the substation, access to the HV compound is limited for safety reasons to when it is needed for operational purposes. The remainder of the substation contains various buildings (including offices, mess rooms, garages, control rooms, workshops, compressor room, relay room etc) and access roads. For linesmen working on or near overhead lines, the main source is the currents in the overhead line conductors. Working on the pylon would result in higher exposures than working on the ground. Significant time is also spent on the road, travelling between work locations.
It is possible to calculate the magnetic fields around a substation. This would require detailed knowledge of the substation layout, its connection configuration at the time (this is changed relatively often by switching operations) and on the currents and their phases in all of the circuits entering and leaving the substation. There is no record kept of these data suitable for application to the exposure-assessment method. Therefore a different approach was required. Similarly for linesmen, although magnetic fields from overhead lines can be calculated, the linesmen are organised regionally and there are no suitable records of which of the 7000 km of overhead line a particular linesman would have been working on at particular times. Thus the application of the method to both substations and overhead lines cannot depend on historical records of currents and of where the person worked in the same way as was done for power stations. Instead eight different work areas were identified and average magnetic fields were determined by measurement for each of those areas and assumed to remain constant over time. The work areas selected were: on the road, home substation (not in the HV compound), away substation (not in the HV compound), substation HV compound (both home and away), overhead line site (on the ground), overhead line site (climbing the pylon), home office at an area office site, and any away (non-operational) office. Here, 'home' signifies at the base location of the worker, and 'away' signifies other than the base location. The home location is treated separately from away locations because for every member of the cohort worker the base location is known, and because they spend a relatively large proportion of their time there. Substations have been categorised as high-or low-exposure according to the presence or absence of overhead conductors near the buildings where people worked.
The magnetic fields in these work areas were determined from exposure measurements of 93 maintenance staff working in the South Eastern Area Network Services of National Grid. They each wore an Enertech Emdex II magnetic field monitor for a week while working and they completed an activity diary during that time. These enabled their total time-averaged exposure for each of the work areas to be analysed, and also for the time spent in the different areas of work by people in the chosen job categories to be analysed. The average magnetic fields in each of these areas used in the protocol are given in table 5.
The job categories selected are detailed in table 6. Application of the activity values (not presented here) to the average magnetic field for the work areas resulted in the exposure values given in table 6.
Application of the method to epidemiology studies
The method described in this paper has now been used in the three epidemiology studies of the cohort of generation and transmission electricity workers in England and Wales referred to previously. For power stations the epidemiologists were provided with a spread sheet containing, for every power station with busbars, values for the magnetic field in each of the seven areas and the load factor for each year of its operation (between 1952/3 and 1993/4), prepared using the method described in this paper. Table 2 illustrates the data provided. Using the table (table 1) of activity values, the epidemiologists calculated the annual average exposure value for each job category for every year of operation and applied them to each member of the cohort for each year of employment. These were used in the epidemiological analysis without any further correction. For transmission sites they used the exposure values given in table 6. The 0.1 µT minimum field level for all workers, referred to in section 3.2, was not applied because it would have no effect on the epidemiological analysis.
Validation of power station exposures
To assess how well the exposure-assessment method works for power station workers, a comprehensive set of measurements was performed. These were in two parts. Magnetic fields were surveyed in areas within 10 power stations and compared with the calculated field for the same areas. At three of these power stations exposures were measured on a total of 271 employees throughout their working time for a week and compared with the exposures predicted by the method. The quantity of interest, or the 'gold standard', is the long-term average magnetic field exposure of workers within a particular job category in a particular power station. The calculated exposure estimates are subject to possible errors both because of shortcomings of the method itself and because of shortcomings in the application of the method. However, the practicalities of measuring magnetic fields and exposures of power station workers mean that they are an imperfect measure of the gold standard. For example a worker selected for measurement may have duties which are not typical of the majority in the job category represented or may spend his or her time on the days of measurement in ways that are untypical for that worker. Furthermore the number of people in the exposure groups varied between 1 and 50. The operating regime of the power station may have been non-typical because of long-term plant maintenance during the period of measurement, or because of untypical demand from the electricity system at the time. The accuracy of activity diaries completed by the participants was varied.
Therefore any comparison between measurement and calculation is a combined assessment of the validity of the method, of our success in applying the method accurately and of the accuracy of the measurements.
Magnetic field area measurements
Ten power stations were chosen so as to include as wide a variety of generator sizes and plant configuration as could achieved. The choice was inevitably limited to power stations that were still operating. The stations chosen (referred to as A-J) are described in table 7. The magnetic field surveys were carried out using an Enertech Emdex II magnetic field monitor with its associated linear data acquisition (LINDA) wheel which enables magnetic fields to be collected as a function of position. The Emdex II was set up to measure the broadband (40-800 Hz) resultant field with a resolution of 0.1 µT every 1.5 s at a height of 0.8 m above the floor. During the survey the LINDA wheel was wheeled around as much of the power station as was feasible. The measurements were annotated using an event marker enabling subsequent analysis of the data for different areas within the power station. The areas surveyed included the turbine hall (turbine level, basement level and a profile over the busbars), boiler house (basement and upper levels), reactor building (accessible areas), coal handling areas (including coal plant control room, precipitators), control room, administration areas, workshops and stores. The measurements were mostly taken on a single day and therefore represented a snapshot in time of the magnetic field for the operating conditions during that day. The load factors used are given in table 7. They are as defined in the protocol, but for the day of the visit rather than the whole year.
A detailed three-dimensional model of the main generator connections was made using EM2D. The currents were set to correspond to the operating condition at the time of the measurements and the magnetic fields were calculated over a regular grid of points covering each of the areas of interest and were averaged for each area. Where there was an overhead line that was close enough to affect the field this was incorporated into the model. Figure 2 gives a comparison of the calculated and measured averaged fields for the turbine hall basement, the control room, the administration area, the workshops, the boiler house and the reactor building. The measured fields range over nearly four orders of magnitude, with the highest fields in the turbine hall basement. The plot shows the points scattered around the line of ideal agreement. At the low end of the range of fields the plot indicates that the measured field stops falling at about 0.1 µT whereas the calculated field continues to fall. This lower limit is recognised within the protocol and arises from the variety of sources of smaller fields around the power station.
The field from the local sources of field dominates. The point showing the poorest agreement was for a reactor buildings which is some way from the generator main connections, but where there are a number of stronger magnetic field sources such as powerful pumps. These are likely to have only limited impact on an epidemiological study because relatively few people access these areas.
Magnetic field exposure measurement
At three of the power stations that were used for area measurements (A, C and D of table 7) surveys of personal exposure to magnetic field were carried out. These three power stations were chosen because area surveys of magnetic fields had already been performed there, sufficient staff were employed there to enable a reasonable number of people to be surveyed, they include both conventional and nuclear power stations, and they included generators both with and without IPB. Each participant in the survey carried an Emdex II magnetic field monitor in a pouch worn around the waist or in their pocket throughout their working time for a week. The Emdex II was set to record the broadband (40-800 Hz) and harmonic (100-800 Hz) of the resultant magnetic field every 30 s. The participants recorded the times of specified events during the day, pressing the event marker button on the monitor and noting the event in a diary. The diaries enabled an analysis of the time spent in each of the areas specified in the protocol. A total of 271 people were surveyed, 103 at power station A, 33 at power station C and 135 at power station D. The combined workforces of the three power stations at the times of the surveys, was just under 1200. Each worker was allocated to one of the job groups defined in figure 1. 16 of the participants were excluded from analysis because they were in job group 6 (Other) whose activity was not well defined, leaving 255. Information and results are given in table 8 for each job group in each power station. A further 3 participants were excluded because their monitors failed to operate correctly, and 4 others because of significant data errors. This left 248 participants whose data were used in most of the preliminary analyses. The total duration of logging was recorded for each participant, both from the event marks in the EMDEX II records and also from the diaries they completed. The total time should be the same for both methods, and for most participants the agreement was good. However in some cases diaries were incomplete. Where the time discrepancy between the diary and EMDEX II record was more than 30% the record was excluded for some of the analyses. 33 participants were excluded for this reason reducing the total number to 215.
The arithmetic mean of the measured magnetic field was calculated for each participant. Within each job group at each power station, the arithmetic mean, the geometric mean and the Table 9 . Slope and intercept of line of best fit for plots of predicted field against measured field (as in figure 3) , and correlation coefficients for each power station separately and combined. geometric standard deviation were calculated from the average measured magnetic field for each participant in the group,and are given in table 8. Although participants were monitored for a whole working week, there were variations in the duration of each record. When calculating the group means the individual averages were weighted according to the duration of the records. The geometric means are similar to the arithmetic means but the influence of outliers is reduced. The geometric standard deviation gives an indication of the scatter within each group. The calculated magnetic field was obtained using the protocol for each individual at each power station, using the proportion of time spent in each type of area as specified in the protocol. The values within each job group were, by definition, all the same so averages did not need to be calculated. A comparison of these with the measured field indicates the appropriateness of the proportion of time in each area used in the protocol. There were 24 groups altogether, with between 1 and 50 people in a group. Analyses of the cohort as a whole were limited to the 18 groups where there were more than more than 100 h of exposure data (equivalent to 3 or more person-weeks of work) in the job group. Figure 3 shows the exposure predicted by the method for each job group against the measured exposure (using the arithmetic mean value for selection 3 as defined in table 8). The number beside each point is indicative of the number of person weeks represented by the point. The line of best fit which is shown on the figure, has a slope of 0.87 and an intercept of 0.1 µT. These can be compared with a line of perfect agreement which would have a slope of 1 and an intercept of 0. The Pearson correlation coefficient, for the arithmetic mean fields of the groups for all power stations was 0.86. Table 9 additionally gives these values for the three power stations separately.
Comparison of exposure measurement and calculation
It is interesting to consider the main outliers, that is the five points lying below the line of perfect agreement (which is not shown) where the measured field was more than about 0.5 µT. Three of them are the three points for job group 5b (control room staff-mobile), and the other two are two of the three points for job group 3a (NJIC-main plant). This suggests that for these two jobs the people have spent a greater proportion of their time in areas of high field (probably in the turbine hall) than has been allowed for in the method, as defined in table 1. Increasing the percentage time in the turbine hall from 10 to 15% for job 3a and from 15 to 20% for job 5b (and reducing the time in one of the other areas) would be likely to result in a higher correlation coefficient and a line of best fit closer to the line of ideal fit.
Discussion of validation
The analysis of the Pearson correlation coefficients initially gave a small negative value for power station D. This was found to arise from an overestimate of the exposure for those job groups that spent some of their time in the turbine hall. The exposure value adopted for the turbine hall assumes that 15% of the time in the turbine hall is spent in the area on the busbar side of the generators, which is the area of highest field in the power station. At this particular power station the layout was unusual in that this area was less likely to be visited than at other power stations and that the average field in this area was larger than usual because of the layout of the busbars. For the purpose of this validation the field value for the turbine hall at power station D was recalculated as though the 15% of time in the turbine hall attributed to the busbar side of the generator was actually spent on the non-busbar side. Removing this modification reduced the Pearson correlation coefficient for all power stations from 0.86 to 0.68.
The validation study within power stations demonstrated that the protocol is able to predict the exposures of the different job groups defined in the protocol on the basis of recorded information about the power station.
The purpose of the measurements of fields and exposures in power stations was to provide information about power station exposures while the method was being developed, to ensure that the method was based on a sound understanding of the sources of fields in the power station. The comparison between calculations and measurements cannot therefore be regarded as a blind test of the protocol. For example, to begin with the method did not take account of the magnetic fields from the power lines passing close to or entering the power station, but it was found that in some cases it was necessary to do this. The main area where the measurements impacted directly on the method,was in the determination of the apportionment of time between the areas for each job category. This information, given in table 1, was derived from the entries in the activity diaries at the three power stations surveyed and the values obtained were applied consistently to all power stations in the protocol. They do not have any bearing on the magnetic field values calculated for the areas.
Discussion
The assessment of occupational magnetic field exposures for occupational epidemiological studies has developed steadily over the years, starting from simple consideration of the occupation mentioned on the death certificate, through the use of panels of experts to the use of the job-exposure matrix. A job-exposure matrix was a way of linking job title with exposure. The rows were the job title or industry category or some combination of the two and the columns were the exposure agents of interest. In the case of power-frequency magnetic fields there is just one agent so the matrix becomes a single dimensional array. The problem has always been how to find the exposure values. In the simplest case this was a classification of exposed or not exposed, or perhaps low, medium and high exposure. Expert panels have been used to provide exposure values based on their knowledge of the sources of magnetic field and of working practices in the industry. More recently the job-exposure matrix has been filled using exposure values obtained from measurements. These have many shortcomings, including those already discussed in section 4, in relation to their accuracy. However, another difficulty is that an impracticably large number of measurements would be required to provide an adequate sample for every job category at every power station location. Another insurmountable problem is how to provide measurement for retrospective situations.
The method proposed in this paper presents a three-dimensional job/year/site-exposure matrix where all of the values are filled using calculations from first principles using engineering and operational data relating to the facility. Thus it has the advantage that it does not depend on measurements. The considerable cost and difficulty of making such measurements is avoided, and it is possible to populate every cell of the matrix provided the engineering data required are available. The disadvantage of the method is the considerable labour involved in collecting and applying all of the required data especially for power stations that no longer exist. If the necessary drawings cannot be obtained then recourse has to be made to more approximate information obtained from the memory of former members of staff at those power stations and from extrapolations from power stations where the data do exist. The resulting exposure values will undoubtedly be less accurate.
The choice of exposure groupings is just as important in the method described in this paper as in other methods. However selecting groupings based on the pattern of working in different parts of the power station is a strength. Future application of the method will want to build on this and identify further specific areas and their associated job categories. For example the assumption was made that the workshops, stores and laboratories are adjacent to one another so that they have similar field levels, and similarly that the canteen and administration buildings have similar field levels. These assumptions were not necessarily true in practice, and there was, for example, a surprisingly large number of canteen staff and stores staff in the cohort, making it worth dealing specifically with those locations and the staff in them.
An important advantage is that the exposure computations can be a better approximation to long-term average conditions than exposure measurements on a small number of individuals.
A new method for assessing both current and historical magnetic field exposures has been developed successfully and has been applied for use in health studies involving a cohort of electricity workers in England and Wales. The exposure values are based on data available about the design and operation of the power station rather than on measurements. These are used to determine the average magnetic fields in areas of work within the power station and then applied to activity information in specified categories of job. Measurement surveys at 10 power stations of the magnetic fields in the work areas gave confidence that the calculations were realistic. Exposure measurements on 215 workers at three power stations were compared with their exposures predicted by the method. This demonstrated that the method gives a good prediction of exposure and is suitable for estimating historical exposures for occupational epidemiological studies.
It is therefore concluded that the exposure-assessment method is suitable for use for the study of mortality in the electricity industry cohort, specifically the recent studies of leukaemia, brain cancer and cardiovascular disease.
as one another. There are exceptions to this assumption, such as when an individual generator is out of commission for an extended period of time or where an individual generator is commissioned or decommissioned at a different time from the other generators at the power stations.
The practice of operating some generators throughout the day and night ('base load') and other generators for only part of the day ('two-shifting') will cause further variations in the exposure of individuals depending on their shift work pattern. This was not allowed for in this protocol because it was considered to be a second order effect and because the considerable extra data that would be required to include it were not available.
Making the assumption that the power station load factor applies uniformly for each generator, then
In many power stations the generators within them are all the same, in which cases the source strength factor S g is the same for all of them, and
and
If the source strength values, S g , for the generators differ then
where the position factors are different for each generator. The value selected for S p is then the largest of the values for individual generators. In this way S g /S p is always 1 or less.
Appendix B. Method used to obtain the position factor where drawings were not available
Where drawings are not available it is necessary to derive values of the position factor by a method of extrapolation using information derived from power stations where drawings were used. First it is assumed that the position factor for the field at a point is described by equation (2). The numerator varies between 1 and 2 and only approaches 2 directly above or below the source. Thus the expression was assumed to reduce to
The magnetic field over an area can be found by integrating P g over the area of interest to obtain approximate expressions. Two different areas of integration were used; both are over horizontal planes. It can be shown that where the area of integration includes an area (of area a) distance h above or below the source then the average field is proportional to 1/(a × h). In the case where the area does not include the point immediately above or below the source, the average field is proportional to 1/(a 1.5 ). The area A of the turbine hall of each power station was obtained from the drawings and plotted against the total MVA for the power station M. The points were well scattered but indicated a more or less linear increase of area with MVA. A best fit to the points gives the area of the turbine hall, A in m 2 , to be A = 1000 + 5.32M. When extrapolated to the smaller power stations this predicts that the area does not tend to zero but to a minimum of 1000 m 2 and for a 2000 MW power station the area is predicted to be nearly 12 000 m 2 . The best fit for the height H 1 in metres of the busbars from the turbine hall floor is:
The best fit for the height H 2 in metres of the busbars above the basement is:
H 2 = 6.9 + 0.000 68M.
Thus the extrapolation proceeded in the following stages. The position factor for each area was calculated for each power station with drawings by dividing the average magnetic field for the areas (for unity load factor) by the source strength. These were normalised to make them independent of the size of the power station, by multiplying by AH 1 (for the turbine hall, busbar side) or by AH 2 (for the turbine hall basement) or by A 3/2 (for all other areas). The resulting values were independent of the size of the power station, they just reflected the variety of layout. The mean, standard deviation, minimum and maximum were obtained for each area and are given in table B.1. A, H 1 and H 2 were then computed for each power station where drawings were not available from the total MVA and the source strength factor for each station. Finally the field for each area (for unity load factor) was computed from the product of the average normalised area factor and the source strength factor divided by AH 1 (for the turbine hall, busbar side) or by AH 2 (for the turbine hall basement) or by A 3/2 (for all other areas).
Résumé
On a développé une méthode nouvelle d'évaluation des expositions professionnelles, en cours et passées,à un champ magnétique; elle aété utilisée dans desétudes sanitaires sur une cohorte de travailleurs de la production et du transport de l'électricité, en Angleterre et dans le Pays de Galles. On a obtenu les valeurs des expositions par le calcul,à partir des données techniques et opérationnelles dans les centrales, plutôt que par l'expérience. On donne ces valeurs pour chacune des 11 catégories de métiers, pour chaque année de fonctionnement de chaque centrale représentée dans la cohorte. On emploie les données techniques pour déterminer les champs magnétiques moyens dans des zones de travail spécifiées,à l'intérieur de la centrale; ces données sont employées pour obtenir le temps passé dans ces zones, par chacune des catégories de métiers. On emploie les données opérationnelles pour ajuster les expositions annuelles, connaissant l'énergie totale produite par la centrale, durant cette même année. Dans les méthodes antérieures, on employait des mesures ou l'avis d'un groupe d'experts pour fournir les repères des expositions concernant un certain nombre de catégories de métiers, pour l'ensemble des centrales et des années. De telles méthodes n'étaient pas aptesà discerner les expositions pour des installations de production différentes, ou durant différentes années de leur fonctionnement. Les contrôles expérimentaux des valeurs du champ magnétique dans les zones de travail, dans 10 centrales, ont montré que les calculsétaient réalistes. On a comparé les mesures de l'exposition de 215 travailleurs, dans trois centrales, pour des groupes de métiers, a l'exposition prédite par notre méthode. Le coefficient de corrélation de Pearsonétait de 0,86; la pente et l'intersection de la courbe de meilleur ajustementétaient de 0,87 et 0, 07 µT, respectivement. La méthode donne une bonne valeur calculée de l'exposition mesurée; on l'utilise actuellement pourétudier l'exposition professionnelleà des champs magnétiques, et les leucémies, les maladies cardio-vasculaires, et pour réanalyser les données sur les cancers du cerveau. 
Zusammenfassung
